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T h e  e x p e r i m e n t a l  r e s u l t s  o n  t h e  g r o w t h  o f  s e l f - a s s e m b l e d  I n P  r i n g - s h a p e  q u a n t u m  

d o t  m o l e c u l e s  ( Q D M s )  i n  t h e  I n o . 5G a o . 5P  m a t r i c e s  o n  G a A s  ( 0 0 1 )  s u b s t r a t e  a r e  r e p o r t e d  

a n d  d i s c u s s e d  i n  t h i s  c h a p t e r .  T h e  g r o w t h  c o n d i t i o n s  o f  I n o . 5G a o . 5P  l a y e r  i n c l u d i n g  t h e  

d e p o s i t i o n  r a t e  a n d  t h e  I n  c o m p o s i t i o n  a r e  c a l i b r a t e d  v i a  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  

a n d  h i g h  r e s o l u t i o n  x - r a y  d i f f r a c t i o n  m e a s u r e m e n t .  B y  u s i n g  r e f l e c t i o n  h i g h  e n e r g y  

d i f f r a c t i o n  o b s e r v a t i o n ,  t h e  I n P  r i n g - s h a p e  Q D M  f o r m a t i o n  c a n  b e  in  s itu  m o n i t o r e d .  T h e  

p o s s i b l e  f o r m a t i o n  m e c h a n i s m  o f  t h e  I n P  r i n g - s h a p e  Q D M s  i s  p r e s e n t e d .  T h e  

f u n d a m e n t a l  p a r a m e t e r s  o f  t h e  g r o w t h  p r o c e s s  a r e  s y s t e m a t i c a l l y  e x a m i n e d  t o  p r o v i d e  t h e  

u n d e r s t a n d i n g  o f  t h e  I n P  r i n g - s h a p e  Q D M  f o r m a t i o n  a n d  t h e  a d j u s t i n g  o f  I n P  r i n g - s h a p e  

Q D M  p r o p e r t i e s  b y  c h a n g i n g  g r o w t h  p a r a m e t e r s .  T h e  e f f e c t s  o f  d e p o s i t i o n  t e m p e r a t u r e ,  

I n  t h i c k n e s s ,  I n  d e p o s i t i o n  r a t e s ,  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  o n  t h e  Q D M  a r r a y  h a v e  

b e e n  s t u d i e d  b y  u s i n g  a t o m i c  f o r c e  m i c r o s c o p y  a n d  p h o t o l u m i n e s c e n c e  m e a s u r e m e n t s .  

F i n a l l y ,  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  h a s  b e e n  u t i l i z e d  f o r  i n v e s t i g a t i n g  t h e  c r o s s -  

s e c t i o n  o f  I n P  r i n g - s h a p e  Q D M  s t r u c t u r e .

4.1 Characterization of Ino.5 Gao.5 P layer on GaAs Substrate.

A c c o r d i n g  t o  K u r t e n b a c h  e t  a l .  ( 1 9 9 5 ) ;  ( 1 9 9 6 ) ;  Z u n d e l  e t  a l .  ( 1 9 9 8 ) ,  t h e  

a p p r o p r i a t e  s u b s t r a t e  t e m p e r a t u r e ,  p h o s p h o r o u s  ( P 2)  f l u x  i n t e n s i t y  o r  b e a m  e q u i v a l e n t  

p r e s s u r e  ( B E P )  a n d  g r o w t h  r a t e  f o r  t h e  g r o w t h  o f  I n G a P  l a y e r  w h i c h  h a s  l a t t i c e - m a t c h e d  

w i t h  G a A s  s u b s t r a t e  b y  s o l i d - s o u r c e  m o l e c u l a r  b e a m  e p i t a x y  u s i n g  G a P  d e c o m p o s i t i o n  

s o u r c e  a r e  4 7 0  °c, 5 x 1  O ' 6 T o r r  a n d  1  M L / s ,  r e s p e c t i v e l y .  Y o o n  e t  a l .  ( 2 0 0 0 )  p r o p o s e d  

t h a t ,  w i t h  i n c r e a s i n g  o f  t h e  P 2 B E P  o r  B E P  o f  V / I I I  r a t i o ,  n o t  o n l y  t h e  e n e r g y  b a n d  g a p  o f  

t h i s  l a y e r  w i l l  s h i f t s  t o w a r d s  h i g h e r  e n e r g y ,  b u t  a l s o  t h e  f u l l - w i d t h  a t  h a l f - m a x i m u m  

( F W H M )  o f  a  p h o t o l u m i n e s c e n c e  ( P L )  p e a k  b e c o m e s  n a r r o w e r ,  a n d  t h e  l u m i n e s c e n c e  

i n t e n s i t y  b e c o m e s  h i g h e r .  U n f o r t u n a t e l y ,  i n  t h i s  w o r k ,  h i g h  P 2 B E P  c o u l d  n o t  u s e  b e c a u s e  

o f  t h e  l i m i t a t i o n  o f  t h e  p u m p  s y s t e m .  T h e r e f o r e ,  t h e  g r o w t h  c o n d i t i o n s  o f  I n G a P  l a y e r  h a s  

b e e n  a d j u s t e d  u s i n g  s u b s t r a t e  t e m p e r a t u r e ,  h i g h  P 2 B E P  a n d  g r o w t h  r a t e  o f  4 7 0  °c , 2 x l 0 "6 
T o r r  a n d  0 . 5  M L / s ,  r e s p e c t i v e l y .  D u e  t o  t h e  d e c r e a s i n g  o f  P 2 B E P ,  t h e  g r o w t h  r a t e  h a d  t o



F i g u r e  4 . 1  T h e  S E M  i m a g e  o f  l - p m - t h i c k  I n G a P  l a y e r  g r o w n  o n  G a A s  ( 0 0 1 )  s u b s t r a t e .

b e  r e d u c e d  c o r r e s p o n d i n g  t o  t h e  l a y e r  f o r m a t i o n  t i m e  i n  o r d e r  t o  p r e s e r v e  t h e  g o o d  c r y s t a l  

q u a l i t y .  A s  a  r e s u l t ,  a l t h o u g h  t h e P 2 B E P  w a s  l i m i t e d ,  t h e  l a y e r  s u r f a c e s  w e r e  s t i l l  s m o o t h  

a n d  i n s i g n i f i c a n t l y  c h a n g e d  w i t h  P 2 B E P  ( Y o o n  e t  a l . ,  2 0 0 0 ) .

S i n c e  t h e  g r o w t h  r a t e  o f  I n G a P  l a y e r  w a s  i n d i r e c t l y  c a l i b r a t e d  b y  e q u i v a l e n t  t o  

t h a t  o f  I n G a A s  a s  e x p l a i n e d  i n  c h a p t e r  3 ,  t h e  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  h a s  

b e e n  u t i l i z e d  t o  e x a m i n e  t h e  t h i c k n e s s  o f  I n G a P  l a y e r  a n d  c o n f i r m  t h e  r e d  g r o w t h  r a t e .  

S E M  i m a g e  i n  f i g u r e  4 . 1  r e v e a l s  t h a t  1 - p m - t h i c k n e s s  o f  I n G a P  l a y e r  w a s  g r o w n  u s i n g  t h e  

d e p o s i t i o n  t i m e  o f  2  h o u r s .  T h e  a c q u i r e d  g r o w t h  r a t e  w a s  0 . 5  M L / s  c o r r e s p o n d i n g  t o  t h e  

I n  a n d  G a  f l u x  i n t e n s i t i e s  f r o m  t h e  g r o w t h  r a t e  c a l i b r a t i o n  i n  c h a p t e r  3 .  A s  a  r e s u l t ,  t h i s  

m e t h o d  w a s  e m p l o y e d  f o r  c a l i b r a t i n g  t h e  g r o w t h  r a t e  o f  I n G a P  l a y e r  i n  t h i s  w o r k .

N o t  o n l y  t h e  g r o w t h  r a t e  b u t  a l s o  t h e  c r y s t a l  q u a l i t y  a n d  I n  c o m p o s i t i o n  o f  I n G a P  

l a y e r  t h a t  s h o u l d  b e  c o n s i d e r e d .  T h e  h i g h  r e s o l u t i o n  x - r a y  d i f f r a c t i o n  ( H R X R D )  

m e a s u r e m e n t  h a s  b e e n  c a r r i e d  o u t  t o  ร ณ d y  t h e  l a t t i c e  m a t c h i n g  b e t w e e n  I n G a P  l a y e r  a n d  

G a A s  s u b s t r a t e .  T h e  w a v e l e n g t h  o f  x - r a y  b e a m  u s e d  i n  t h i s  w o r k  i s  1 . 5 4 0 5 9 8  A  a n d  t h e  

l a t t i c e  c o n s t a n t  o f  I n G a P  i s  d e s i r e d  e q u i v a l e n t  t o  t h a t  o f  G a A s  ( 5 . 6 5 3 2 5  Â ) .  T h e  X R D

( 0 0 4 )  2 0 - c o  p a t t e r n  o f  I n G a P / G a A s  i s  s h o w n  i n  f i g u r e  4 . 2 .  T h e r e  e x i s t  t w o  d i s t i n c t  p e a k s  

i n  t h i s  s p e c t r u m .  T h e  h i g h e r  p e a k  c o r r e s p o n d s  t o  t h e  G a A s  l a y e r  a n d  l o w e r  o n e
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F i g u r e  4 . 2  T h e  X R D  s p e c t r u m  o f  2 0 0  n m  I n G a P  l a y e r  g r o w n  o n  G a A s  ( 0 0 1 )  s u b s t r a t e  i n

( 0 0 4 ) .

c o r r e s p o n d s  t o  t h e  I n G a P  l a y e r .  C l e a r  P e n d e l l ô s u n g  f r i n g e s  ( t h i c k n e s s  f r i n g e  p e a k s )  a r e  

o b s e r v e d .  T h i s  i m p l i e s  t h a t  t h e  a l l o y  c o m p o s i t i o n  i s  h o m o g e n e o u s  a n d  t h e  l a y e r  h a s  h i g h  

s t r u c t u r a l  q u a l i t y .  C a l c u l a t e d  v i a  t h e  X ’  P e r t  e p i t a x y  p r o g r a m  ( H R X R D  a n a l y s i s  

p r o g r a m ) ,  t h e  l a t t i c e  c o n s t a n t  o f  I n G a P  i s  5 . 6 7 5 1 7  Â ,  l a t t i c e  m i s m a t c h  b e t w e e n  I n G a P  

a n d  G a A s  i s  0 . 3 9  % ,  I n  c o m p o s i t i o n  i s  0 . 5 4  a n d  t h e  c o m p r e s s i v e  s t a i n  i s  0 . 1 9  % .  T h e s e  

v a l u e s  a r e  e s t i m a t e d  b y  a s s u m i n g  t h a t  t h e  i n - p l a n e  l a t t i c e  c o n s t a n t  (  a u )  o f  I n G a P  a n d  

G a A s  a r e  e q u a l .

I n  o r d e r  t o  c o n f i r m  t h e  I n  c o m p o s i t i o n ,  t h e  r o o m  t e m p e r a t u r e  ( 3 0 0  K )  m i c r o - P L  

w a s  p e r f o r m e d  a n d  t h e  o p t i c a l  p r o p e r t i e s  o f  I n G a P  l a y e r  h a s  b e e n  i n v e s t i g a t e d .  T h e  P L  

s p e c t r u m  o f  2 0 0 - n m - t h i c k  I n G a P  l a y e r  g r o w n  o n  G a A s  ( 0 0 1 )  s u b s t r a t e  i s  s h o w n  i n  f i g u r e

4 . 3 .  I n  a c c o r d a n c e  w i t h  M o o n  e t  a l .  ( 1 9 7 4 ) ,  t h e  l a t t i c e  c o n s t a n t  o f  G a y  I n i - y  A s x  P i - X  

m d  t h e  e n e r g y  g a p  o f  G a y  I n i - y  A s *  p i *  ( E g(Gay,ท1_yA,A _x))  a t  3 0 0  K  c a n

d e t e r m i n e  b y

a GayIn^yAsxP1_x =  5 . 8 6 8 7  +  0 . 1 8 9 6 *  -  0 . 4 1 7 5 ; ;  +  0 . 0 1 2 4 x y ( 4 . 1 )
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F i g u r e  4 . 3  T h e  r o o m  t e m p e r a t u r e  ( 3 0 0  K )  P L  s p e c t r u m  o f  2 0 0 - n m - t h i c k  I n G a P  l a y e r  

g r o w n  o n  G a A s  ( 0 0 1 )  s u b s t r a t e .

E g(Gayir,1_yAsA _ ,)  =  L 3 5  -  X + 1  A y  -  0 . 3 3 x y  -  ( 0 . 7 5 8  -  0 . 2 8 x ) y ( l  -  y )
- ( 0 . 1 0 1  +  0 . 1 0 9 y  ) x ( l  -  x )

T h e  P L  s p e c t r u m  i n  f i g u r e  4 . 3  h a s  t w o  e m i s s i o n  p e a k s .  T h e  h i g h e s t  p e a k  a t  1 . 8 6  

e V  w i t h  F W H M  o f  5 4  m e V  r e l a t e d  t o  t h e  e n e r g y  g a p  o f  I n G a P  l a y e r  a n d  t h e  l o w e r  o n e  a t  

1 . 4 2  e V  b e l o n g s  t o  G a A s  b u l k .  T h e  s h a r p  I n G a P  p e a k  r e v e a l s  g o o d  c r y s t a l  q u a l i t y  o f  

I n G a P  l a y e r .  F r o m  t h e  e q u a t i o n  ( 4 . 1 ) ,  ( 4 . 2 )  a n d  ( 2 . 1 1 ) ,  t h e  c a l c u l a t e d  I n  c o m p o s i t i o n  o f  

I n G a P ,  l a t t i c e  c o n s t a n t  o f  I n G a P  a n d  l a t t i c e  m i s m a t c h  b e t w e e n  I n G a P  a n d  G a A s  a r e  0 . 5 ,

5 . 6 6  Â  a n d  0 . 1 8  % ,  r e s p e c t i v e l y .  T h i s  I n  c o m p o s i t i o n  i s  m o r e  p r e c i s e  t h a n  t h a t  f r o m  

H R X R D  c a l c u l a t i o n  b e c a u s e  i t  i s  d i r e c t l y  v e r i f i e d  f r o m  t h e  e n e r g y  g a p  o f  I n G a P  l a y e r  

a n d  t h e  o b t a i n e d  l a t t i c e  c o n s t a n t  i s  t h e  t o t a l  l a t t i c e  c o n s t a n t .  T h e r e f o r e ,  t h e  I n G a P  w i t h  I n  

c o m p o s i t i o n  o f  0 . 5  i s  u s e d  t o  b e  t h e  e n e r g y  b a r r i e r  l a y e r  o f  s e l f - a s s e m b l e d  I n P  r i n g -  

s h a p e d  Q D M s  i n  t h i s  w o r k .
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4.2 Monitoring of the InP Ring-shaped Quantum Dot Molecule Formation by 
In Situ RHEED.

(a)

(b)

(c)

(d)

(e)

(f)

[110] azimuth [110] azimuth

F i g u r e  4 . 4  R H E E D  p a t t e r n s  o f  e a c h  e x p e r i m e n t a l  p r o c e d u r e  i n  [ 1 1 0 ]  a z i m u t h  a n d  [ 1 1 0 ]

a z i m u t h .
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T h e  t r a n s i t i o n  f r o m  a  t w o - d i m e n s i o n a l  ( 2 D )  g r o w t h  m o d e  t o  a  t h r e e - d i m e n s i o n a l  

( 3 D )  g r o w t h  m o d e  o f  r i n g - s h a p e d  Q D M  f o r m a t i o n  i s  i l l u s t r a t e d  b y  in  s itu  r e c o r d e d

r e f l e c t i o n  h i g h  e n e r g y  d i f f r a c t i o n  ( R H E E D )  p a t t e r n s  i n  [ 1 1 0 ]  a z i m u t h  a n d  [ 1 1 0 ]  

a z i m u t h  a s  s h o w n  i n  f i g u r e  4 . 4 .  D u r i n g  t h e  s u r f a c e  o x i d e  d e s o r p t i o n ,  R H E E D  p a t t e r n s  

i n d i c a t e  r o u g h  s u r f a c e  ( f i g u r e  4 . 4  ( a ) ) .  T h i s  r e v e a l s  t h a t  t h e  G a 2Û 3 e s c a p e s  f r o m  t h e  

s u r f a c e  a t  s u b s t r a t e  t e m p e r a t u r e  h i g h e r  t h a n  5 8 0  °c u n d e r  A s  f l u x  s u p p l y .  A f t e r  G a A s  

b u f f e r  g r o w t h  ( f i g u r e  4 . 4  ( b ) ) ,  t h e  s h a r p  a n d  c l e a r  2 x 4  R H E E D  p a t t e r n s  o r  s t r e a k y  

p a t t e r n s  r e p r e s e n t i n g  t h e  s m o o t h  2 D  s u r f a c e ,  a r e  o b s e r v e d .  D u r i n g  t h e  g r o w t h  o f  

I n o . 5G a o . 5P  l a y e r  ( f i g u r e  4 . 4  ( c ) ) ,  R H E E D  p a t t e r n s  s h o w  2 x 1 s u r f a c e  r e c o n s t r u c t i o n s .  

T h e s e  e l o n g a t e d  s t r e a k s  d e m o n s t r a t e d  t h e  2 D  c h a r a c t e r i s t i c  o f  t h e  s m o o t h  s u r f a c e .  A f t e r  

I n  d e p o s i t i o n  ( f i g u r e  4 . 4  ( d ) ) ,  s t r e a k y  p a t t e r n s  s t i l l  c a n  b e  o b s e r v e d .  T h e s e  a r e  r e s u l t e d  

f r o m  t h e  a p p e a r a n c e  o f  t h e  e x t r e m e l y  l o w  d e n s i t y  o f  t h e  l i q u i d  p h a s e  ( I n  d r o p l e t s )  o n  t h e  

s u r f a c e .  D u r i n g  c r y s t a l l i z a t i o n  ( f i g u r e  4 . 4  ( e ) ) ,  m o r e  a n d  m o r e  s p o t t y  R H E E D  p a t t e r n s  

d e v e l o p e d .  T h i s  o b s e r v a t i o n  i m p l i e s  t h a t  t h e  3 D  i s l a n d s  ( Q D s )  s t a r t  t o  n u c l e a t e  o n  t h e  

s u r f a c e .  A s  a  r e s u l t  o f  R H E E D  p a t t e r n  t r a n s i t i o n ,  w e  c a n  ร โ ท ท m a r i z e  t h a t  t h e  s e l f -  

a s s e m b l e d  I n P  r i n g - s h a p e d  Q D M s  a r e  f o r m e d  d u r i n g  c r y s t a l l i z a t i o n  p r o c e s s  ( f i g u r e  4 . 4

(f)).

4.3 Possible Formation Mechanism of InP Ring-shaped Quantum Dot Molecules

F i g u r e  4 . 5  s h o w s  a  s c h e m a t i c  m o d e l  o f  t h e  s e l f - o r g a n i z e d  I n P  r i n g - s h a p e d  Q D M s  

f o r m a t i o n  d u r i n g  c r y s t a l l i z a t i o n  u n d e r  P 2 b e a m  e q u i v a l e n t  p r e s s u r e .  I n  t h e  d i s p l a y  o f  

f i g u r e  4 . 5 ( a )  d u r i n g  d e p o s i t i o n  p r o c e s s ,  I n  i s  d e p o s i t e d  o n t o  I n o . 5G a o . 5P  l a y e r  a n d  c r e a t e s  

t h e  i n i t i a l  I n  d r o p l e t  a s  w e l l  a s  t w o - d i m e n s i o n a l  I n P  t h i n  l a y e r  b y  c o o p e r a t i n g  w i t h  t h e  

e x c e e d  p  a t o m s  o n  t h e  s u r f a c e .  D u r i n g  c r y s t a l l i z a t i o n  p r o c e s s ,  t h e  s u r f a c e  i s  c o v e r e d  w i t h  

p  a t o m s  a s  s h o w n  i n  f i g u r e  4 . 5 ( b ) .  I n  a t o m s  i s o t r o p i c a l l y  m i g r a t e  a w a y  f r o m  c e n t e r  t o  

p e r i p h e r y  o f  t h e  d r o p l e t  a n d  a t t a c h  t o  t h e  n e a r e s t  p  a t o m s  w h i l e  p  a t o m s  a l s o  d i f f u s e  i n t o  

t h e  I n  d r o p l e t .  C o n s e q u e n t l y ,  t h e  r i n g - s h a p e d  n a n o s t r u c t u r e  h a s  b e e n  f o r m e d .  I n  t h e  

m e a n w h i l e ,  t h e  l a t t i c e  m i s m a t c h  b e t w e e n  t h e  I n P  a n d  I n o . 5G a o . 5P  u n d e r n e a t h  l a y e r  g i v e s  

s t a i n  t o  f o r m  I n P  Q D s  d o n g  t h e  c i r c u m f e r e n c e  o f  r i n g - s h a p e d  n a n o s t r u c t u r e .  T h e r e f o r e ,  

t h e  f o r m a t i o n  o f  t h e  r i n g - s h a p e d  Q D M s  o c c u r s  a s  s h o w n  i n  f i g u r e  4 . 5 ( c ) .



65

เก droplet

(a)
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F i g u r e  4 . 5  S c h e m a t i c  r e p r e s e n t a t i o n s  o f  t h e  s e l f - o r g a n i z e d  I n P  r i n g - s h a p e d  Q D M s  

f o r m a t i o n :  ( a )  I n  d r o p l e t  d e p o s i t s  o n  I n o . 5G a o . 5P  l a y e r  a n d  c r e a t e s  t h e  

i n i t i a l  d r o p l e t  w i t h  t h e  I n P  t h i n  l a y e r ,  ( b )  d u r i n g  c r y s t a l l i z a t i o n  t i m e ,  I n  

m i g r a t e s  a w a y  f r o m  c e n t e r  t o  p e r i p h e r y  o f  t h e  d r o p l e t ,  p  a t o m s  d i f f u s e  

i n t o  t h e  d r o p l e t  a n d  t h e  l a t t i c e  m i s m a t c h  b e t w e e n  t h e  I n P  a n d  I n o . 5G a o . 5P  

l a y e r  f o r m  t h e  Q D M s  s t r u c t u r e  ( c ) .

4.4 Effect of Deposition Temperature on the Properties of InP Ring-shaped 
Quantum Dot Molecules

I n  t h i s  w o r k ,  t h e  I n P  r i n g - s h a p e d  Q D M s  a r e  r e a l i z e d  b y  s y s t e m a t i c a l l y  t u n i n g  t h e  

g r o w t h  c o n d i t i o n s  s u c h  a s  s u b s t r a t e  t e m p e r a t u r e  d u r i n g  d e p o s i t i o n  o f  I n  a n d  

c r y s t a l l i z a t i o n ,  I n  d e p o s i t i o n  r a t e  a n d  a m o u n t  o f  I n  d e p o s i t i o n  o r  I n  t h i c k n e s s .  T h e  f i r s t  

p a r a m e t e r  s t u d i e d  f o r  t h e  f o r m a t i o n  a n d  p r o p e r t i e s  o f  I n P  r i n g - s h a p e d  Q D M s  i s  

d e p o s i t i o n  t e m p e r a t u r e .  M o r i t z  e t  a l .  ( 1 9 9 6 ) ,  K u r t e n b a c h  e t  a l .  ( 1 9 9 6 ) ,  Z u n d e l  e t  a l .

( 1 9 9 8 ) ,  J i n - p h i l l i p p  a n d  P h i l l i p p  ( 2 0 0 0 )  p r o p o s e d  t h a t  f o r m a t i o n  o f  s m a l l  I n P  i s l a n d s  a n d  

c o h e r e n t  d o t s  i n i t i a l l y  o c c u r s  a f t e r  I n P  d e p o s i t i o n  o f  a p p r o x i m a t e l y  1 . 5  m o n o l a y e r  ( M L )  

a n d  3  M L ,  r e s p e c t i v e l y  T h e r e f o r e ,  t h e  i n i t i a l  c o n t r o l l e d  p a r a m e t e r s  i n  t h i s  e x p e r i m e n t
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(a) Deposition  tem perature =  120 °c
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F i g u r e  4 . 6  T h e  2 D  t o p - v i e w  a n d  3 D  t i l e d - v i e w  A F M  i m a g e s  a n d  c r o s s - s e c t i o n a l  l i n e -  

p r o f i l e s  a l o n g  [110] o f  I n P  r i n g - s h a p e d  Q D M s  f o r m e d  a t  d i f f e r e n t  

d e p o s i t i o n  t e m p e r a t u r e  o f  ( a )  120°c (b) 150°c ( c )  180°c ( d )  210°c ( e )  

250°c a n d  ( f )  290°c a n d  c r y s t a l l i z a t i o n  a t  200°c. T h e  3 . 2 - M L  t h i c k  

i n d i u m  c o v e r a g e  w a s  d e p o s i t e d  a t  a  r a t e  o f  0.8 M L / s .



67

w e r e  i n d i u m  d e p o s i t i o n  r a t e  o f  0 . 8  M L / s ,  i n d i u m  t h i c k n e s s  o f  3 . 2  M L ,  c r y s t a l l i z a t i o n  

t e m p e r a t u r e  a t  2 0 0  ๐ c  u n d e r  p 2 f l u x  o f  4 x 1  O ' 6 T o r r  f o r  5  m i n u t e s  a n d  t h e  a d j u s t i n g  o f  

d e p o s i t i o n  t e m p e r a t u r e  f r o m  1 2 0  ๐ C - 2 9 0  ๐ c .  F i g u r e  4 . 6 ,  o b s e r v e d  b y  A F M ,  s h o w s  t h e  

d e p e n d e n c e  o f  s u r f a c e  m o r p h o l o g y  o n  t h e  v a r i o u s  s u b s t r a t e  t e m p e r a t u r e  o f  ( a )  120  °c, ( b )  

1 5 0  ๐ c , ( c )  1 8 0  °c, ( d )  2 1 0  ๐ c , ( e )  2 5 0  ๐ c  a n d  (f) 2 9 0  ๐ c  d u r i n g  i n d i u m  d e p o s i t i o n .  T h e  

0 . 4 x 0 . 4  p m 2 a n d  5 x 5  p m 2 2 D  a n d  0 . 4 x 0 . 4  p m 2 3 D  A F M  i m a g e s  a n d  4 0 0  n m  c r o s s -  

s e c t i o n a l  l i n e - p r o f i l e s  d o n g  [ 1 1 0 ]  c l e a r l y  d i s p l a y  t h e  r i n g - s h a p e d  Q D M  s t r u c t u r e s  i n  ฟ !  

c o n d i t i o n s .

T h e  d e p e n d e n c e s  o f  Q D  d e n s i t y ,  r i n g - s h a p e d  Q D M  d e n s i t y  a n d  o u t e r / i n n e r  

d i a m e t e r s  o f  r i n g - s h a p e d  Q D M s  o n  t h e  d e p o s i t i o n  t e m p e r a t u r e  a r e  s h o w n  i n  f i g u r e  4 . 7 .  

T h e  d e n s i t i e s  o f  Q D s  a n d  r i n g - s h a p e  Q D M s  v a r y  b e t w e e n  4 . 9 x l 0 8- 1 . 4 x l 0 9 c m "2 a n d  

5 . 2 x 1 0 7- 7 . 4 x 1 0 8 c m " 2 .  T h e  a v e r a g e  o u t e r  a n d  i n n e r  d i a m e t e r s  o f  r i n g - s h a p e  Q D M s  v a r y  

b e t w e e n  8 4 . 1 - 2 2 8 . 9  n m  a n d  2 3 . 5 - 1 2 6 . 3  n m .  I n c r e a s i n g  t h e  d e p o s i t i o n  t e m p e r a t u r e  r e d u c e s  

d e n s i t i e s  b u t  e n l a r g e s  a v e r a g e  d i a m e t e r s .
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c
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F i g u r e  4 . 7  T h e  d e p e n d e n c e  o f  I n P  Q D s  a n d  r i n g - s h a p e d  Q D M s  d e n s i t i e s  a n d  a v e r a g e  

o u t e r  a n d  i n n e r  d i a m e t e r s  o f  I n P  r i n g - s h a p e d  Q D M s  o n  t h e  d e p o s i t i o n  

t e m p e r a t u r e .
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Number of QDs per QDM Height (nm) Lateral size (nm)

F i g u r e  4 . 8  D i s t r i b u t i o n s  o f  t h e  n u m b e r  o f  I n P  Q D s  p e r  I n P  r i n g - s h a p e d  Q D M  ( ( a - f ) - l ) ,  

h e i g h t  ( ( a - f ) - 2 )  a n d  l a t e r a l  s i z e  o f  I n P  Q D s  ( ( a - f ) - 3 )  w i t h  v a r i o u s  d e p o s i t i o n  

t e m p e r a t u r e s .
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F i g u r e  4 . 9  T h e  d e p e n d e n c e  o f  t h e  n u m b e r  o f  I n P  Q D s  p e r  I n P  r i n g - s h a p e d  Q D M ,  

h e i g h t  a n d  l a t e r a l  s i z e  o f  I n P  Q D s  o n  t h e  d e p o s i t i o n  t e m p e r a t u r e .

T h e  d i s t r i b u t i o n s  o f  n u m b e r  o f  Q D s  p e r  Q D M ,  h e i g h t  o f  Q D s  a n d  l a t e r a l  s i z e  o f  

Q D s  w h i c h  a r e  f i t t e d  w i t h  t h e  G a u s s i a n  d i s t r i b u t i o n s  a r e  s h o w n  i n  f i g u r e  4 . 8 .  A l l  o f  

a v e r a g e  v a l u e s  o f  t h e m  a r e  l a r g e r  w h e n  t h e  d e p o s i t i o n  t e m p e r a t u r e  r i s e s .  T h e  a v e r a g e  

n u m b e r  o f  Q D s  p e r  Q D M ,  a v e r a g e  h e i g h t  o f  Q D s  a n d  a v e r a g e  l a t e r a l  s i z e  o f  Q D  c h a n g e  

b e t w e e n  1 . 9 - 9 . 4 ,  1 . 5 - 3 .6  n m  a n d  2 7 . 1 - 5 3 . 7  n m ,  r e s p e c t i v e l y .  T h e  t e n d e n c i e s  o f  r i n g -  

s h a p e d  Q D M s  p r o p e r t i e s  a r e  s u m m a r i z e d  i n  f i g u r e  4 . 9 .

F r o m  t h e s e  r e s u l t s ,  w e  c a n  c o n s i d e r  t h a t  o n l y  t h e  d e n s i t i e s  o f  Q D s  a n d  r i n g -  

s h a p e d  Q D M  a r e  l o w e r  w h i l e  t h e  n u m b e r  o f  Q D s  p e r  r i n g - s h a p e d  Q D M  a n d  t h e  

d i m e n s i o n s  o f  Q D  a n d  r i n g - s h a p e d  Q D M  a r e  l a r g e r  a t  h i g h e r  d e p o s i t i o n  t e m p e r a t u r e .  

T h e s e  c a n  b e  e x p l a i n e d  b y  t h e  d i f f e r e n t  e n e r g y  c o n s u m p t i o n  f o r  i n i t i a l  I n  d r o p l e t  

f o r m a t i o n .  A t  h i g h e r  d e p o s i t i o n  t e m p e r a t u r e ,  d e p o s i t e d  I n  d r o p l e t  a c q u i r e s  t h e  h i g h e r  

t h e r m a l  e n e r g y ,  r e s u l t i n g  i n  m o r e  I n  d i s p l a c e m e n t  a n d  c o n s o l i d a t i o n .  T h e  c l u s t e r  o f  s m a l l  

I n  d r o p l e t s  c a n  m o r e  e f f i c i e n t l y  m o v e ,  i n c o r p o r a t e  w i t h  e a c h  o t h e r  t o  m i n i m i z e  t h e  e n e r g y  

o f  s y s t e m  f o r m i n g  b i g g e r  i n i t i a l  I n  d r o p l e t s  a n d  c o n t r i b u t e  t o  b i g g e r  Q D s  a n d  r i n g - s h a p e d  

Q D M s .  H e n c e ,  t h e  d e p o s i t i o n  a t  h i g h  s u b s t r a t e  t e m p e r a t u r e  g i v e  l a r g e r  s i z e s  Q D s  a n d  

r i n g - s h a p e d  Q D M s  c o m p a r e d  t o  t h e  l o w e r  o n e .  C o r r e s p o n d i n g  t o  m a t e r i a l  c o n s e r v a t i o n ,  

t h e  l o w  d e n s i t y  o f  Q D s  a n d  r i n g - s h a p e d  Q D M s  a r e  a c h i e v e d  f r o m  h i g h  d e p o s i t i o n  

t e m p e r a t u r e .
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As mentioned in chapter 3, the average size of QDs determines the peak energy 
level in the PL spectrum. Moreover, the PL linewidth or FWHM relates to the crystal 
quality and size distribution of QD array. In order to investigate the crystal quality and 
the homogeneity of QD, all ring-shaped QDM samples with different deposition 
temperature after crystallization were capped with 100-nm-thick Ino.5Gao.5P layers using 
two-step growth. First, a 10-nm-thick Ino.5Gao.5P was grown by migration enhanced 
epitaxy (MEE) technique at 300 ° c  with 0.5-ML/cycle growth rate. Then a 90-nm-thick 
Ino.5Gao.5P was grown by conventional epitaxy growth at 470 ° c  with 0.5-ML/s growth 
rate. Before capping, temperature effect on the sample surface was observed by ramping 
the substrate temperature from 200 ° c ,  crystallization process, to 250 ๐c ,  300 ° c  and 350 
๐c  as shown in figure 4.10. The higher temperature is mandatory to achieve high crystal 
quality layer, but increases small hillocks on the surface as a drawback after the 
temperature toward 350 °c . Therefore, the first capping process by MEE technique is 
used and the temperature is chosen at 300 ° c .  After capping, all samples are measured by 
the macro-PL system at 20 K using a 478-nm line Ar+ laser with 40 mW excitation power 
and the micro-PL system at room temperature using a 532-nm line diode-pumped solid 
state laser with 150 mW excitation power. The PL spectra of ring-shaped QDM samples 
are shown in figure 4.11 and 4.12. Although the PL spectra of both systems can not be 
directly compared due to the different of both excitation power and system setting, the 
tendencies of PL intensity and FWHM from both systems understandably reveal the 
effect of each growth parameter on InP ring-shaped QDM formation. The PL peaks 
which correspond to Ino.5Gao.5P, ground-state of InP ring-shaped QDMs and GaAs are 
resolved at 1.93 eV, 1.67-1.79 eV and 1.51 eV at 20 K and 1.85eV, 1.60-1.72 eV and 
1.42 eV at room temperature, respectively. The FWHMs of InP ring-shaped QDMs vary 
between 50-60 meV at 20K and 65-82 meV at room temperature. The ground-state PL 
peaks show the good crystal quality of InP ring-shaped QDMs. The PL peaks, PL 
intensities and FWHMs which correspond to the QD sizes, QD densities and QD 
uniformities are gradually redshifted, lowered and narrowed, respectively by increasing 
the deposition temperature from 120 ° c  to 250 ° c  that agree with the extracted QD sizes, 
QD densities and size distributions from AFM measurements.
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F i g u r e  4 . 1 0  T h e  2 D  t o p - v i e w  A F M  i m a g e s  o f  I n P  r i n g - s h a p e d  Q D M s  f o r m e d  a t  

d e p o s i t i o n  t e m p e r a t u r e  o f  250 °c , t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  o f  

200 °c, t h e  I n  d e p o s i t i o n  r a t e  o f  0 . 8  M L / s  a n d  t h e  I n  d e p o s i t i o n  r a t e  o f  3.2 
M L  w i t h  d i f f e r e n t  s u b s t r a t e  t e m p e r a t u r e  r a m p i n g  o f  ( a )  250°c ( b )  

300°c a n d  ( c )  350°c a f t e r  c r y s t a l l i z a t i o n .

Energy (eV)

6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  8 5 0  9 0 0Wavelength (nm)
F i g u r e  4 . 1 1  P L  s p e c t r a  o f  I n P  r i n g - s h a p e d  Q D M s  w i t h  v a r i o u s  d e p o s i t i o n  t e m p e r a t u r e s  

m e a s u r e d  b y  t h e  m a c r o - P L  s y s t e m  a t  2 0  K .
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Energy (eV)
2  1 .9  1 .8  1 .7  1 .6  1 .5  1 .4

Wavelength (ททา)
F i g u r e  4 . 1 2  P L  s p e c t r a  o f  I n P  r i n g - s h a p e d  Q D M s  w i t h  v a r i o u s  d e p o s i t i o n  t e m p e r a t u r e s  

m e a s u r e d  b y  t h e  m i c r o - P L  s y s t e m  a t  r o o m  t e m p e r a t u r e .

T h e s e  F W H M s  i n d i c a t e  t h a t ,  f r o m  1 2 0  ๐ c  t o  2 5 0  °c, t h e  u n i f o r m i t y  o f  r i n g - s h a p e  

Q D M s  b e c o m e s  b e t t e r  a t  h i g h e r  d e p o s i t i o n  t e m p e r a t u r e .  H o w e v e r ,  a t  t h e  h i g h e s t  

d e p o s i t i o n  t e m p e r a t u r e  i n  t h i s  e x p e r i m e n t  a t  2 9 0  °c, t h e  F W H M  i s  b r o a d e n e d  d u e  t o  t h e  

w o r s e  Q D  h o m o g e n e i t y .  T h e r e f o r e ,  i n  o r d e r  t o  i n v e s t i g a t e  o t h e r  p a r a m e t e r s ,  d e p o s i t i o n  

t e m p e r a t u r e  w i l l  b e  f i x e d  a t  2 5 0  °c b e c a u s e  t h e  b e s t  Q D  s i z e  u n i f o r m i t y  a n d  t h e  h i g h e s t  

n u m b e r  o f  Q D M s  ( 3 5 % )  w h i c h  c o n s i s t  o f  e i g h t  Q D s  p e r  Q D M  c o u l d  b e  a c h i e v e d  a t  t h i s  

d e p o s i t i o n  t e m p e r a t u r e .

4.5 Effect of Crystallization Temperature on the Properties of InP Ring-shaped 
Quantum Dot Molecules

T h e  s e c o n d  p a r a m e t e r  s t u d i e d  f o r  t h e  f o r m a t i o n  a n d  p r o p e r t i e s  o f  I n P  r i n g - s h a p e d  

Q D M s  i s  c r y s t a l l i z a t i o n  t e m p e r a t u r e .  T h e  o t h e r  c o n t r o l l e d  p a r a m e t e r s  a r e  d e p o s i t i o n  

t e m p e r a t u r e  a t  250 °c, i n d i u m  d e p o s i t i o n  r a t e  o f  0.8 M L / s ,  i n d i u m  t h i c k n e s s  o f  3.2 M L  

a n d  c r y s t a l l i z a t i o n  u n d e r  P 2 f l u x  o f  4 x 1  O ' 6 T o r r  f o r  5 m i n u t e s .  F i g u r e  4 . 1 3 ,  o b s e r v e d  b y
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A F M ,  s h o w s  t h e  d e p e n d e n c e  o f  s u r f a c e  m o r p h o l o g y  o n  t h e  v a r i o u s  c r y s t a l l i z a t i o n  

t e m p e r a t u r e  o f  ( a )  1 5 0  ° c ,  ( b )  2 0 0  ° c ,  ( c )  2 5 0  ๐ c  a n d  ( d )  3 0 0  ° c .  T h e  0 . 4 x 0 . 4  p m 2 a n d  

5 x 5  p m 2 2 D  a n d  0 . 4 x 0 . 4  p m 2 3 D  A F M  i m a g e s  a n d  4 0 0  n m  c r o s s - s e c t i o n a l  l i n e - p r o f i l e s  

a l o n g  [ 1 1 0 ]  d i s p l a y  t h e  r i n g - s h a p e d  Q D M  s t r u c t u r e s  i n  a l l  c o n d i t i o n s .

C r \  S i
200 nm

B S f t i  
5...□

Width (nm)
(b) Crystallization temperature = 200 °c

[1Ï0J
U [110] 2500 nm

f h '
v > *

(c) Crystallization temperature = 250 °c

200 nmCP
[1Ï0J
น  _25Q0.nm

<<ร'

F i g u r e  4 . 1 3  T h e  2 D  t o p - v i e w  a n d  3 D  t i l e d - v i e w  A F M  i m a g e s  a n d  c r o s s - s e c t i o n a l  l i n e -  

p r o f i l e s  a l o n g  [ 1 1 0 ]  o f  I n P  r i n g - s h a p e d  Q D M s  f o r m e d  a t  d i f f e r e n t  

c r y s t a l l i z a t i o n  t e m p e r a t u r e  o f  ( a )  1 5 0 ° c  ( b )  2 0 0 ° c  ( c )  2 5 0 ° c  a n d  ( d )  

3 0 0 ° c .  T h e  d e p o s i t i o n  t e m p e r a t u r e  w a s  2 0 0 ° c  w i t h  c o v e r a g e  o f  3 . 2  M L  

i n d i u m  d r o p l e t  a n d  i n d i u m  d e p o s i t i o n  r a t e  o f  0 . 8  M L / s .
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F i g u r e  4 . 1 4  T h e  d e p e n d e n c e  o f  I n P  Q D s  a n d  r i n g - s h a p e d  Q D M s  d e n s i t i e s  a n d  a v e r a g e  

o u t e r  a n d  i n n e r  d i a m e t e r s  o f  I n P  r i n g - s h a p e d  Q D M s  o n  t h e  c r y s t a l l i z a t i o n  

t e m p e r a t u r e .

T h e  s u m m a r i e s  o f  Q D  d e n s i t i e s ,  r i n g - s h a p e d  Q D M  d e n s i t i e s  a n d  o u t e r / i n n e r  

d i a m e t e r s  o f  r i n g - s h a p e d  Q D M s  a s  f u n c t i o n s  o f  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  a r e  s h o w n  

i n  f i g u r e  4 . 1 4 .  T h e  d e n s i t i e s  o f  Q D s  a n d  r i n g - s h a p e  Q D M s  v a r y  b e t w e e n  4 . 2 x 1 0 8- 8 . 6 * 1 0 8 
c m '2 a n d  4 . 8 x l 0 7- l . l x l 0 8 c m ' 2 .  T h e  a v e r a g e  o u t e r  a n d  i n n e r  d i a m e t e r s  o f  r i n g - s h a p e  

Q D M s  v a r y  b e t w e e n  1 9 5 . 5 - 2 4 0 . 8  n m a n d  1 0 0 . 4 - 1 2 2 . 9  n m .  I n c r e a s i n g  t h e  c r y s t a l l i z a t i o n  

t e m p e r a t u r e  r e d u c e s  d e n s i t i e s  b u t  e n l a r g e s  a v e r a g e  d i a m e t e r s .

T h e  d i s t r i b u t i o n s  o f  n u m b e r  o f  Q D s  p e r  Q D M ,  h e i g h t  o f  Q D s  a n d  l a t e r a l  s i z e  o f  

Q D s  w h i c h  a r e  f i t t e d  w i t h  t h e  G a u s s i a n  d i s t r i b u t i o n s  a r e  s h o w n  i n  f i g u r e  4 . 1 5 .  A l l  o f  

a v e r a g e  v a l u e s  a r e  l a r g e r  w h e n  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  r i s e s .  T h e  a v e r a g e  n u m b e r  

o f  Q D s  p e r  Q D M ,  a v e r a g e  h e i g h t  o f  Q D s  a n d  a v e r a g e  l a t e r a l  s i z e  o f  Q D  c h a n g e  b e t w e e n

8 . 3 - 8 .8  n m ,  2 . 3 - 4 . 0  n m  a n d  4 2 . 4 - 5 3 . 4  n m ,  r e s p e c t i v e l y .  T h e  t e n d e n c i e s  o f  t h e s e  

p a r a m e t e r s  a r e  s u m m a r i z e d  i n  f i g u r e  4 . 1 6 .

A c c o r d i n g  t o  t h e s e  r e s u l t s ,  i t  i s  c o n s i d e r a b l e  t h a t  o n l y  t h e  d e n s i t i e s  o f  Q D s  a n d  

r i n g - s h a p e d  Q D M s  a r e  l e s s e n e d  w h i l e  t h e  n u m b e r  o f  Q D s  p e r  r i n g - s h a p e d  Q D M  a n d  t h e  

d i m e n s i o n s  o f  Q D  a n d  r i n g - s h a p e d  Q D M  a r e  a d d e d  a t  h i g h e r  c r y s t a l l i z a t i o n  t e m p e r a t u r e .  

T h e  t e n d e n c i e s  o f  t h e s e  r e s u l t a n t s  a r e  a s  s i m i l a r  a s  t h e  e x p e r i m e n t  o f  d e p o s i t i o n  

t e m p e r a t u r e  i n  w h i c h  t h e  s i z e s  o f  Q D s  b e c o m e  l a r g e r  c o r r e s p o n d i n g  t o  t h e  l o w e r i n g  o f  

r i n g - s h a p e d  Q D M s  d e n s i t y  a t  h i g h e r  s u b s t r a t e  t e m p e r a t u r e .  T h e s e  c a n  b e  s p e c i f i c a l l y
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e x p l a i n e d  t h a t ,  i n  t h e  c a s e  o f  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  i s  l o w e r  t h a n  d e p o s i t i o n  

t e m p e r a t u r e ;  t h e  l o w e r  c r y s t a l l i z a t i o n  t e m p e r a t u r e  c a n  m o r e  r e s t r a i n  t h e  d i s p l a c e m e n t  a n d  

i n c o r p o r a t i o n  o f  I n  d r o p l e t ,  c o n t r i b u t i n g  t h e  s m a l l e r  Q D s  a n d  r i n g - s h a p e d  Q D M s .  I n  t h e  

c a s e  o f  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  i s  e q u a l  o r  h i g h e r  t h a n  d e p o s i t i o n  t e m p e r a t u r e ;  t h e  

h i g h e r  c r y s t a l l i z a t i o n  t e m p e r a t u r e  c a n  m o r e  e f f i c i e n t l y  a c t i v a t e  t h e  d e p o s i t e d  I n  d r o p l e t  t o  

f a r t h e r  m o v e m e n t  a n d  i n c o r p o r a t i n g  w i t h  e a c h  o t h e r  t o  m i n i m i z e  t h e  e n e r g y  o f  s y s t e m  

a n d  c o n t r i b u t i n g  t o  b i g g e r  Q D s  a n d  r i n g - s h a p e d  Q D M s .  C o r r e s p o n d i n g  t o  m a t e r i a l  

c o n s e r v a t i o n ,  t h e  l o w  d e n s i t y  o f  Q D s  a n d  r i n g - s h a p e d  Q D M s  a r e  a c h i e v e d  f r o m  h i g h  

c r y s t a l l i z a t i o n  t e m p e r a t u r e .

Number of QDs per QDM Height (rim) Lateral size (nm)

F i g u r e  4 . 1 5  D i s t r i b u t i o n s  o f  t h e  n u m b e r  o f  I n P  Q D s  p e r  I n P  r i n g - s h a p e d  Q D M  ( ( a - d ) - l ) ,  

h e i g h t  ( ( a - d ) - 2 )  a n d  l a t e r a l  s i z e  o f  I n P  Q D s  ( ( a - d ) - 3 )  w i t h  v a r i o u s  

c r y s t a l l i z a t i o n  t e m p e r a t u r e s .
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F i g u r e  4 . 1 6  T h e  d e p e n d e n c e  o f  t h e  n u m b e r  o f  I n P  Q D s  p e r  I n P  r i n g - s h a p e d  Q D M ,  

h e i g h t  a n d  l a t e r a l  s i z e  o f  I n P  Q D s  o n  t h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e .

I n  o r d e r  t o  i n v e s t i g a t e  t h e  c r y s t a l  q u a l i t y  a n d  t h e  u n i f o r m i t y  o f  Q D ,  a l l  r i n g -  

s h a p e d  Q D M  s a m p l e s  w i t h  d i f f e r e n t  c r y s t a l l i z a t i o n  t e m p e r a t u r e  a r e  m e a s u r e d  b y  t h e  

m a c r o - P L  s y s t e m  a t  2 0  K  a n d  t h e  m i c r o - P L  s y s t e m  a t  r o o m  t e m p e r a t u r e .  T h e  P L  s p e c t r a  

o f  r i n g - s h a p e d  Q D M  s a m p l e s  a r e  s h o w n  i n  f i g u r e  4 . 1 7  a n d  4 . 1 8 .  T h e  P L  p e a k s  o f  

I n o . 5G a o . 5P ,  g r o u n d - s t a t e  o f  I n P  r i n g - s h a p e d  Q D M s  a n d  G a A s  a r e  r e s o l v e d  a t  1 . 9 3  e V ,  

1 . 6 4 - 1 . 7 8  e V  a n d  1 . 5 1  e V  a t  2 0  K  a n d  1 . 8 5  e V ,  1 . 5 7 - 1 . 7 1  e V  a n d  1 . 4 2  e V  a t  r o o m  

t e m p e r a t u r e ,  r e s p e c t i v e l y .  T h e  F W H M s  o f  I n P  r i n g - s h a p e d  Q D M s  v a r y  b e t w e e n  5 0 - 5 5  

m e V  a t  2 0  K  a n d  6 5 - 7 1  m e V  a t  r o o m  t e m p e r a t u r e .  T h e  g r o u n d - s t a t e  P L  p e a k s  s h o w  t h e  

g o o d  c r y s t a l  q u a l i t y  o f  I n P  r i n g - s h a p e d  Q D M s .  T h e  P L  p e a k s ,  P L  i n t e n s i t i e s  a n d  

F W H M s  w h i c h  c o r r e s p o n d  t o  t h e  Q D  s i z e s ,  Q D  d e n s i t i e s  a n d  Q D  h o m o g e n e i t i e s  a r e  

g r a d u a l l y  r e d s h i f t e d ,  l o w e r e d  a n d  n a r r o w e d ,  r e s p e c t i v e l y  b y  i n c r e a s i n g  t h e  c r y s t a l l i z a t i o n  

t e m p e r a t u r e  f r o m  1 5 0  ๐ c  t o  2 0 0  ๐ c  t h a t  a g r e e  w i t h  t h e  e x t r a c t e d  Q D  s i z e s ,  Q D  d e n s i t i e s  

a n d  s i z e  d i s t r i b u t i o n s  f r o m  A F M  m e a s u r e m e n t s .  T h e s e  F W H M s  r e v e a l  t h a t  t h e  

u n i f o r m i t y  o f  r i n g - s h a p e  Q D M s  b e c o m e s  b e t t e r  a t  h i g h e r  c r y s t a l l i z a t i o n  t e m p e r a t u r e  f r o m  

1 5 0  °c  t o  2 0 0  °c. H o w e v e r ,  f o r  h i g h e r  c r y s t a l l i z a t i o n  t e m p e r a t u r e  a t  2 5 0  ๐ c  a n d  3 0 0  ๐ c, 
t h e  F W H M s  a r e  b r o a d e n e d  d u e  t o  t h e  w o r s e  Q D  h o m o g e n e i t y .  T h e r e f o r e ,  i n  o r d e r  t o  

i n v e s t i g a t e  n e x t  p a r a m e t e r s ,  d e p o s i t i o n  t e m p e r a t u r e  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  w i l l  

b e  f i x e d  a t  2 5 0  ๐ c  a n d  2 0 0  ๐ c  b e c a u s e  t h e  b e s t  Q D  s i z e  a n d  u n i f o r m i t y  a n d  t h e  h i g h e s t  

n u m b e r  o f  Q D M s  ( 3 5 % )  w h i c h  c o n s i s t  o f  e i g h t  Q D s  p e r  Q D M  c o u l d  b e  a c h i e v e d  a t  t h e s e  

d e p o s i t i o n  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e s .
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F i g u r e  4 . 1 7

F i g u r e  4 . 1 8

Energy (eV)
2 1 .9  1 .8  1 .7  1 .6  1 .5  1 .4

6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  8 5 0  9 0 0Wavelength (nm)
P L  s p e c t r a  o f  I n P  r i n g - s h a p e d  Q D M s  w i t h  v a r i o u s  c r y s t a l l i z a t i o n  

t e m p e r a t u r e s  m e a s u r e d  b y  t h e  m a c r o - P L  s y s t e m  a t  2 0  K .

Energy (eV)
2 1 .9  1 .8  1 .7  1 .6  1 .5  1 .4

6 0 0  6 5 0  7 0 0  7 5 0  8 0 0  8 5 0  9 0 0Wavelength (nm)
P L  s p e c t r a  o f  I n P  r i n g - s h a p e d  Q D M s  w i t h  v a r i o u s  c r y s t a l l i z a t i o n  

t e m p e r a t u r e s  m e a s u r e d  b y  t h e  m i c r o - P L  s y s t e m  a t  r o o m  t e m p e r a t u r e .
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A s  t h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s ,  w e  c a n  s u m m a r i z e  t h a t  t h e  d e p o s i t i o n  

t e m p e r a t u r e  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  h a v e  s i m i l a r  e f f e c t s  o n  t h e  p h y s i c a l  a n d  o p t i c a l  

p r o p e r t i e s  o f  I n P  r i n g - s h a p e d  Q D M s .  H o w e v e r ,  t h e  e f f e c t  o f  d e p o s i t i o n  t e m p e r a t u r e  i s  

r e m a r k a b l y  s t r o n g e r  t h a n  t h e  o t h e r  b e c a u s e  t h e  Q D  a n d  r i n g - s h a p e d  Q D M  s i z e s  a r e  

m a i n l y  d e t e r m i n e d  d u r i n g  t h e  d e p o s i t i o n  a n d  s l i g h t l y  t r a n s f o r m  b y  t h e  c r y s t a l l i z a t i o n  

p r o c e s s .  T h e  c r y s t a l l i z a t i o n  t e m p e r a t u r e  w h i c h  i s  a  l i t t l e  b i t  l o w e r  t h a n  d e p o s i t i o n  

t e m p e r a t u r e  g i v e s  t h e  g o o d  Q D  q u a l i t y .

4.6 Effect of Indium Deposition Rate on the Properties of InP Ring-shaped Quantum 
Dot Molecules

T h e  t h i r d  p a r a m e t e r  ร ณ d i e d  f o r  t h e  f o r m a t i o n  a n d  p r o p e r t i e s  o f  I n P  r i n g - s h a p e d  

Q D M s  i s  I n  d e p o s i t i o n  r a t e .  T h e  o t h e r  c o n t r o l l e d  p a r a m e t e r s  a r e  d e p o s i t i o n  t e m p e r a t u r e  a t  

2 5 0  ๐ c , i n d i u m  t h i c k n e s s  o f  3 . 2  M L  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  a t  2 0 0  °c  u n d e r  P 2 
f l u x  o f  4 x 1  O '6 T o r r  f o r  5  m i n u t e s .  T h e  s a m p l e s  w e r e  e v a l u a t e d  i n  t h e  s a m e  m a n n e r  w i t h  

t h e  p r e v i o u s  e x p e r i m e n t s .  A F M  i m a g e s  i n  f i g u r e  4 . 1 9  d i s p l a y  t h e  d e p e n d e n c e  o f  s u r f a c e  

m o r p h o l o g y  o n  t h e  v a r i o u s  i n d i u m  d e p o s i t i o n  r a t e  o f  ( a )  0 . 2  M L / s  ( b )  0 . 4  M L / s ,  ( c )  0 . 8  

M L / s  a n d  ( d )  1 . 6  M L / s .  T h e  0 . 4 x 0 . 4  p m 2 a n d  5 x 5  p m 2 2 D  a n d  0 . 4 x 0 . 4  p m 2 3 D  A F M  

i m a g e s  a n d  4 0 0  n m  c r o s s - s e c t i o n a l  l i n e - p r o f i l e s  a l o n g  [ 1 1 0 ]  s h o w  t h e  r i n g - s h a p e d  Q D M  

s t r u c t u r e s  i n  a l l  c o n d i t i o n s .

T h e  d e p e n d e n c e s  o f  Q D  d e n s i t y ,  r i n g - s h a p e d  Q D M  d e n s i t y  a n d  o u t e r / i n n e r  

d i a m e t e r s  o f  r i n g - s h a p e d  Q D M s  o n  t h e  i n d i u m  d e p o s i t i o n  r a t e  a r e  s h o w n  i n  f i g u r e  4 . 2 0 .  

T h e  d e n s i t i e s  o f  Q D s  a n d  r i n g - s h a p e  Q D M s  v a r y  b e t w e e n  4 . 1 x l 0 s - 8 . 3 x l 0 8 c m ' 2 
a n d  3 . 6 x 1 0 7- 1 . 0 x 1 0 8 c m ' 2 .  T h e  a v e r a g e  o u t e r  d i a m e t e r  a n d  a v e r a g e  i n n e r  d i a m e t e r  o f  

r i n g - s h a p e  Q D M s  v a r i e s  b e t w e e n  1 8 6 . 1 - 2 7 3 . 3  n m  a n d  1 0 6 . 9 - 1 4 3 . 6  n m .  I n c r e a s i n g  t h e  

i n d i u m  d e p o s i t i o n  r a t e  e n l a r g e s  d e n s i t i e s  b u t  r e d u c e s  a v e r a g e  d i a m e t e r s .

T h e  d i s t r i b u t i o n s  o f  n u m b e r  o f  Q D s  p e r  Q D M ,  h e i g h t  o f  Q D s  a n d  l a t e r a l  s i z e  o f  

Q D s  w h i c h  a r e  f i t t e d  w i t h  t h e  G a u s s i a n  d i s t r i b u t i o n s  a r e  s h o w n  i n  f i g u r e  4 . 2 1 .  A l l  

a v e r a g e  v a l u e s  o f  t h e m  a r e  s m a l l e r  w h e n  t h e  i n d i u m  d e p o s i t i o n  r a t e  r i s e s .  T h e  a v e r a g e  

n u m b e r  o f  Q D s  p e r  Q D M ,  a v e r a g e  h e i g h t  o f  Q D s  a n d  a v e r a g e  l a t e r a l  s i z e  o f  Q D  c h a n g e  

b e t w e e n  8 . 3 - 1 1 . 5  n m ,  3 . 5 - 3 . 7  n m  a n d  4 4 . 0 - 5 5 . 0  n m ,  r e s p e c t i v e l y .  T h e  t e n d e n c i e s  o f  e a c h  

p a r a m e t e r  a r e  s u m m a r i z e d  i n  f i g u r e  4 . 2 2 .
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F i g u r e  4 . 1 9  T h e  2 D  t o p - v i e w  a n d  3 D  t i l e d - v i e w  A F M  i m a g e s  a n d  c r o s s - s e c t i o n a l  l i n e -  

p r o f i l e s  a l o n g  [ 1 1 0 ]  o f  I n P  r i n g - s h a p e d  Q D M s  f o r m e d  a t  d i f f e r e n t  

i n d i u m  d e p o s i t i o n  r a t e  o f  ( a )  0.2 M L / s  ( b )  0 . 4  M L / s ,  ( c )  0 . 8  M L / s  a n d

( d )  1 . 6  M L / s .  T h e  d e p o s i t i o n  a n d  c r y s t a l l i z a t i o n  t e m p e r a t u r e  w e r e  250°c 
a n d  200°c  w i t h  c o v e r a g e  o f  3 . 2  M L  i n d i u m  d r o p l e t  a n d  i n d i u m  

d e p o s i t i o n  r a t e  o f  0 . 8  M L / s .

F r o m  t h e s e  r e s u l t s ,  i t  i s  o b v i o u s  t h a t  o n l y  t h e  Q D s  a n d  r i n g - s h a p e d  Q D M  a r e  

d e n s e r  w h i l e  t h e  n u m b e r  o f  Q D s  p e r  r i n g - s h a p e d  Q D M  a n d  t h e  d i m e n s i o n s  o f  Q D  a n d  

r i n g - s h a p e d  Q D M  a r e  l o w e r  a t  h i g h e r  i n d i u m  d e p o s i t i o n  r a t e .  T h e s e  c a n  b e  e x p l a i n e d  b y  

t h e  d i f f e r e n t  t i m e  s c a l e  f o r  i n i t i a l  I n  d r o p l e t  f o r m a t i o n .  F o r  a  l o w e r  d e p o s i t i o n  r a t e ,  i n i t i a l  

I n  d r o p l e t  f o r m a t i o n  i s  p u t  i n t o  a  e x t e n d e d  t i m e  i n t e r v a l ,  r e s u l t i n g  i n  m o r e  I n  

d i s p l a c e m e n t  a n d  c o n s o l i d a t i o n .  T h e  c l u s t e r  o f  s m a l l  I n  d r o p l e t s  c a n  m o r e  e f f i c i e n t l y  

m o v e ,  i n c o r p o r a t e  w i t h  e a c h  o t h e r  t o  m i n i m i z e  t h e  e n e r g y  o f  s y s t e m  f o r m i n g  b i g g e r  i n i t i a l
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F i g u r e  4 . 2 0  T h e  d e p e n d e n c e  o f  I n P  Q D s  a n d  r i n g - s h a p e d  Q D M s  d e n s i t i e s  a n d  a v e r a g e  

o u t e r  a n d  i n n e r  d i a m e t e r s  o f  I n P  r i n g - s h a p e d  Q D M s  o n  t h e  i n d i u m  

d e p o s i t i o n  r a t e .

I n  d r o p l e t s  a n d  c o n t r i b u t e  t o  b i g g e r  Q D s  a n d  r i n g - s h a p e d  Q D M s .  C o r r e s p o n d i n g  t o  

m a t e r i a l  c o n s e r v a t i o n ,  t h e  l o w  d e n s i t y  o f  Q D s  a n d  r i n g - s h a p e d  Q D M s  f r o m  d e p o s i t i o n  a t  

l o w  g r o w t h  r a t e  m u s t  h a v e  l a r g e r  s i z e s  c o m p a r e d  w i t h  d e p o s i t i o n  a t  h i g h e r  g r o w t h  r a t e .

A l l  r i n g - s h a p e d  Q D M s  s a m p l e s  f a b r i c a t e d  w i t h  d i f f e r e n t  I n  d e p o s i t i o n  r a t e  a r e  

e x a m i n e d  b y  t h e  m a c r o - P L  s y s t e m  a t  2 0  K  a n d  t h e  m i c r o - P L  s y s t e m  a t  r o o m  t e m p e r a t u r e  

i n  o r d e r  t o  i n v e s t i g a t e  t h e  c r y s t a l  q u a l i t y  a n d  t h e  u n i f o r m i t y  o f  Q D .  T h e  P L  s p e c t r a  o f  

r i n g - s h a p e d  Q D M  s a m p l e s  a r e  s h o w n  i n  f i g u r e  4 . 2 3  a n d  4 . 2 4 .  T h e  P L  p e a k s  o f  

I n o . 5G a o . 5P 5 g r o u n d - s t a t e  o f  I n P  r i n g - s h a p e d  Q D M s  a n d  G a A s  a r e  r e s o l v e d  a t  1 . 9 3  e V ,  

1 . 6 4 - 1 . 6 8  e V  a n d  1 . 5 1  e V  a t  2 0  K  a n d  1 . 8 5  e V ,  1 . 5 8 - 1 . 6 1  e V  a n d  1 . 4 2  e V  a t  r o o m  

t e m p e r a t u r e ,  r e s p e c t i v e l y .  T h e  g r o u n d - s t a t e  P L  p e a k s  s h o w  t h e  g o o d  c r y s t a l  q u a l i t y  o f  

I n P  r i n g - s h a p e d  Q D M s .  T h e  P L  p e a k s ,  P L  i n t e n s i t i e s  a n d  F W H M s  w h i c h  c o r r e s p o n d  t o  

t h e  Q D  s i z e s ,  Q D  d e n s i t i e s  a n d  Q D  h o m o g e n e i t i e s  a r e  g r a d u a l l y  b l u e s h i f t e d ,  i n c r e a s e d  

a n d  n a r r o w e d ,  r e s p e c t i v e l y  b y  i n c r e a s i n g  t h e  I n  d e p o s i t i o n  r a t e  f r o m  0 . 2  M L / s  t o  1 . 6  

M L / s  t h a t  a g r e e  w i t h  t h e  e x t r a c t e d  Q D  s i z e s ,  Q D  d e n s i t i e s  a n d  s i z e  d i s t r i b u t i o n s  f r o m  

A F M  m e a s u r e m e n t s .  T h e s e  F W H M s  v a l u e s  r e v e a l  t h a t  t h e  u n i f o r m i t y  o f  Q D s  a n d  r i n g -  

s h a p e  Q D M s  b e c o m e s  b e t t e r  a t  h i g h e r  i n d i u m  d e p o s i t i o n  r a t e .  A l t h o u g h  a  h i g h  I n  

d e p o s i t i o n  r a t e  i s  p r e f e r r e d  t o  a c h i e v e  a  b e t t e r  r e s u l t ,  t h e  i n d i u m  d e p o s i t i o n  r a t e  h i g h e r  

t h a n  1 . 6  M L / s  c a n n o t  b e  d o n e  i n  t h i s  w o r k  d u e  t o  t h e  l i m i t a t i o n  o f  b e a m  e q u i v a l e n t
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Figure 4.21 Distributions of the number of InP QDs per InP ring-shaped QDM ((a-d)-l), 
height ((a-d)-2) and lateral size of InP QDs ((a-d)-3) with various indium 
deposition rate.

pressure (BEP) or cell temperature (900 ๐C) of In source. Therefore, in order to 
investigate next parameters, deposition and crystallization temperature and In deposition 
rate will be fixed at 250 ๐c, 200 °c and 1.6 ML/s respectively because the best QD size 
and uniformity and the highest number of QDMs (46%) which consist of eight QDs per 
QDM could be achieved at these deposition temperature, crystallization temperature and 
In deposition rate.
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Figure 4.22 The dependence of the number of InP QDs per InP ring-shaped QDM, 
height and lateral size of InP QDs on the indium deposition rate.
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Figure 4.23 PL spectra of InP ring-shaped QDMs with various indium deposition rate 
measured by the macro-PL system at 20 K.
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Figure 4.24 PL spectra of InP ring-shaped QDMs with various indium deposition rate 
measured by the micro-PL system at room temperature.

4.7 Effect of Indium Thickness on the Properties of InP Ring-shaped Quantum Dot 
Molecules

The last parameter studied for the formation and properties of InP ring-shaped 
QDMs in this work is In thickness using the optimized parameters from the previous 
experiments. Figure 4.25, observed by AFM, shows the dependence of surface 
morphology on the various In thickness of (a) 1.6 ML (b) 3.2 ML, (c) 4.8 ML and (d) 6.4 
ML. The 0.4x0.4 pm2 and 5x5 pm2 2D and 0.4x0.4 pm2 3D AFM images and 400 nm 
cross-sectional line-profiles along [110] clearly display the QR structure at In thickness 
of 1.6 ML and the ring-shaped QDM structures in other conditions.

The dependences of QR, QD, ring-shaped QDM densities and outer/inner 
diameters of QR and ring-shaped QDMs on the In thickness are shown in figure 4.26. The 
density of QRs is 1.0 x io 8 cm'2 and the densities of QDs and ring-shaped QDMs vary 
between 8.3xl08- l . lx l0 9 cm'2 and 8.4xl07-1.0xl08 cm'2. The average outer diameter and 
average inner diameter of QRs and ring-shape QDMs vary between 124.4-251.5 nmand
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Figure 4.25 The 2D top-view and 3D tiled-view AFM images and cross-sectional line- 
profiles along [110] of InP ring-shaped QDMs formed at different 
indium thickness of (a) 1.6 ML (b) 3.2 ML, (c) 4.8 ML and (d) 6.4 ML. 
The deposition and crystallization temperature were 250°c and 200°c, 
respectively with indium deposition rate of 0.8 ML/s.

51.9-117.8 nm. Increasing the In thickness raises densities and enlarges average 
diameters.

The distributions of number of QDs per QDM, height and lateral size of QRs and 
QDs with the Gaussian fittings are shown in figure 4.27. All average values are larger 
when the In thickness rises. The average number of QDs per QDM, average height of and 
average lateral size of QRs and QDs change between 3.5-11.6 nm, 1.5-4.9 nm and 34.2-
63.3 nm, respectively. The tendencies of them are summarized in figure 4.28.
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Figure 4.26 The dependence of InP QRs, QDs and ring-shaped QDMs densities and 
average outer and inner diameters of InP QRs and ring-shaped QDMs on 
the indium thickness.

According to the results, the densities of QDs and ring-shaped QDM, the number 
of QDs per ring-shaped QDM, the dimensions of QD and ring-shaped QDM at In 
thickness from 3.2 ML to 6.4 ML are increased with In thickness.

As similar with the other experiments, the samples grown with different In 
thickness were evaluated the crystal quality and the homogeneity via the PL 
measurements. The macro-PL and micro-PL spectra of QRs and ring-shaped QDM 
samples are shown in figure 4.29 and 4.30, respectively. The PL peaks which correspond 
to Ino.5Gao.5P, ground-state of InP ring-shaped QDMs and GaAs are resolved at 1.93 eV, 
1.68-1.69 eV and 1.51 eV at 20 K and 1.85 eV, 1.60-1.62 eV and 1.42 eV at room 
temperature, respectively. The PL peaks which correspond to ground-state of InP QRs are 
resolved at 1.79 eV at 20 K and 1.72 eV at room temperature. The ground-state PL peaks 
show the good crystal quality of InP QRs and ring-shaped QDMs. The PL peaks, PL 
intensities and FWHMs of In thickness from 3.2 ML to 6.4 ML which correspond to the 
QD sizes, QD densities and QD homogeneities are gradually redshifted, increased and 
widened, respectively by increasing the In thickness that agree with the extracted QD 
sizes, QD densities and size distributions from AFM measurements. However, with In 
thickness of 4.8 ML and 6.4 ML, the FWHM is broadened and PL peak consist of two 
peaks because of the QD inhomogeneity attributing to two variations of QD height as
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Number of QDs per QDM Height (rim) Lateral size (nm)

Figure 4.27 Distributions of the number of InP QDs per InP ring-shaped QDM ((b-d)-l), 
height ((a-d)-2) and lateral size of InP QRs and QDs ((a-d)-3) with various 
indium thickness.

shown in figure 4.27. Although the high In thickness is preferred for a high density and 
clear QDM structure, the QD homogeneities are worse when In thickness are 4.8 ML and 
higher than that giving the appropriate In thickness of around 3.2 ML. Therefore, the 
investigation of growth parameters in this work for InP ring-shaped QDMs formation can 
be concluded that the appropriate deposition temperature, crystallization temperature, In 
deposition rate and In thickness are 250 ๐c, 200 °c, 1.6 ML/s and 3.2 ML, respectively. 
The best QD size uniformity and the number of QDMs which consist of eight QDs per 
QDM as high as 46% could be achieved at this condition. The critical In thickness and In 
amount of coherent QD formation of this growth condition by droplet epitaxy technique 
in this work is between 1.6  ML-3.2 ML and 3.2 ML, respectively.
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Figure 4.28 The dependence of the number of InP QDs per InP ring-shaped QDM, 
height and lateral size of InP QRs and QDs on the indium thickness
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Figure 4.29 PL spectra of InP QRs and ring-shaped QDMs with various indium thickness 
measured by the macro-PL system at 20 K.
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Figure 4.30 PL spectra of InP QRs and ring-shaped QDMs with various indium 
thickness measured by the micro-PL system at room temperature.

In view points of physical and optical properties of InP ring-shaped QDMs, the 
growth parameters have already been investigated and optimized. However, for some 
applications including quantum information processing (extended quantum cellular 
automata), the uniformity of ring-shaped QDMs, directional arrangement of QDs in ring- 
shaped QDMs and QD spacing in a QDM are critical parameters which the further 
investigation is mandatory. One of promising improvement method is to consider the 
growth parameters concurrently. This is because the growth parameters are not 
independently affects the QD and ring-shaped QDMs formation which is mainly 
determined by the volume of initial droplet. The other growth parameters, for example, P2 

BEP, crystallization time, should also been taken into consideration.

4.8 Power Dependence Photoluminescence of InP Ring-shaped Quantum Dot 
Molecules

In order to intensively understand about the optical properties of the InP ring- 
shaped QDMs, the power dependence photoluminescence of QDs are conducted by
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macro-PL at 20 K. The investigated InP ring-shaped QDMs was fabricated using the 
deposition temperature of 250 ๐c , the crystallization temperature of 200 ๐c , the In 
deposition rate of 1.6 ML/s and the In thickness of 3.2 ML. The PL peak intensity 
dependence on the excitation power is illustrated in figure 4.31. The peak emissions of 
Ino.5Gao.5P, ground-state of InP ring-shaped QDMs and GaAs with 20 mW excitation 
power exist at 1.93 eV, 1.68 eV and 1.51 eV, respectively. With stronger applied 
excitation power, these PL peak intensities increase and the ground-state peaks of InP 
ring-shaped QDMs tend to the higher energy states (a little bit blueshift) and the first 
excited-state peak emerges and slightly grows. These results are explained by the tunnel 
coupling of QD and the state filling effect. According to Lippen (2006), the asymmetric 
broadening together with the shift of the PL peak towards higher energies are first 
indications for the formation of extended electron states in the QDMs due to tunnel 
coupling. Tunnel coupling of the QD ground states creates extended states with a distinct 
energy separation determined by the coupling strength. State filling with increase of the

E n e r g y  ( e V )

600 650 700 750 800 850 900
W a v e l e n g t h  ( n m )

Figure 4.31 Power dependent PL spectra of InP ring-shaped QDMs which have the 
deposition temperature of 250 ๐c , the crystallization temperature of 200 °c, 
the In deposition rate of 1.6 ML/s and the In deposition rate of 3.2 ML.
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Figure 4.32 The relationship between excitation powers, FWHMs and peak emission 
positions.

excitation power accounts for the asymmetric broadening of the PL spectrum with 
unchanged low energy side. At much higher excitation power, the ground states of QD 
are almost fulfilled and the probability of radiative recombination of electrons in higher 
excited-states is increased. Therefore, the first excited-state peak appears at higher 
excitation power in this experiment. The tendencies of PL peak and FWHM of InP ring- 
shaped QDMs are shown in figure 4.32.

4.9 Temperature Dependence Photoluminescence of InP Ring-shaped Quantum Dot 
Molecules

The dependence of PL ground-state peak energies as a function of temperature for 
the InP ring-shaped QDMs is shown and compared with the temperature dependence of 
the bulk Ino.5Gao.5P and GaAs bandgap in figure 4.33. The studied structure was 
fabricated with the deposition temperature of 250 °c, the crystallization temperature of 
200 ๐c , the In deposition rate of 1.6 ML/s and the In thickness of 3.2 ML. The tendencies 
of PL peak and FWHM on the temperature are shown in figure 4.34. When the measuring 
temperature is increased from 20 K to 100 K, the redshifts of the relevant PL peak
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Figure 4.33 Temperature dependent PL spectra of InP ring-shaped QDMs which have 
the deposition temperature of 250 ๐c , the crystallization temperature of 
200 °c, the In deposition rate of 1.6 ML/s and the In deposition rate of
3.2 ML.
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Figure 4.34 The relationship between temperatures, FWHMs and peak emission 
positions.
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energies can be observed. The tendency of the PL peak intensities is lowered and the 
FWHM is increased with higher temperature. The main reason for these effects are the 
enhancement of the non-radiative recombination process by the increasing of electron- 
phonon interaction (scattering), the thermal distribution and the reduction of the excitonic 
temperature with increasing temperature (Lippen, 2006; Favero, 2003) and the high 
defects of the Ino.5Gao.5P capping barrier (first capping with MEE). As a result, the 
photogenerated earners escape from QDs into Ino.5Gao.5P capping barriers and relax into 
the energetically lower energy state and recombine there or are trapped by the trapped 
level of Ino.5Gao.5P capping barriers. Consequently, the PL peak is shifted to a lower 
energy level and the linewidth is increased and the integrated PL intensity reduces.

4.10 Characterization of InP Ring-shaped Quantum Dot Molecules by Transmission 
Electron Microscopy

Figure 4.35 (a) shows a schematic of sample structure that is used to measure 
TEM. Figure 4.35 (b) shows an overview cross-sectional TEM micrograph with 
magnification of 10,000 at 200 kv of InP ring-shaped QDM sample with the deposition 
temperature of 250 °c, the crystallization temperature of 200 ๐c, the indium deposition 
rate of 1.6 ML/s and the indium thickness of 3.2 ML. It demonstrates that the structure 
was grown without creating any dislocations or extended defects. The InP ring-shaped 
QDM layer embedded in Ino.5Gao.5P matrices is clearly observed. The contrast of InP 
ring- shaped QDMs against Ino.5Gao.5P is due to the difference in chemical composition 
and strain fields. Figure 4.35 (c) shows cross-sectional TEM micrograph with 
magnification of 50,000 at 200 kv of InP ring-shaped QDM on sample surface. The InP 
ring-shaped QDM appears mostly as dark disk that has two lobes corresponding to a 
cutting position trough the ring. The same contrast of InP ring-shaped QDMs indicate that 
the initial In droplets are completely formed to InP ring-shaped QDMs. The InP ring- 
shaped QDMs on the sample surface can be observed better than in the Ino.5Gao.5P 
matrices due to no effect of thermal annealing during the capping process. The 
temperature changes the shape pf QD to a smaller one because of the interdiffusion 
between InP ring-shaped QDMs and Ino.5Gao.5P (Jin-Phillipp et al., 2004). As a result, 
QDs in the Ino.5Gao.5P matrices are unclearly observed in the cross-sectional TEM image.
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Figure 4.35 (a) Schematic of sample structure for TEM measurement, (b) Overview 
cross-sectional TEM micrograph of InP ring-shaped QDM sample with the 
deposition temperature of 250 °c, the crystallization temperature of 
200 °c, the indium deposition rate of 1.6  ML/s and the indium deposition 
rate of 3.2 ML and (c) Cross-sectional TEM micrograph of the upper InP 
ring-shaped QDMs layer.
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